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Abstract While solar wind-driven compression of Saturn’s magnetosphere is an important trigger of
magnetospheric dynamics, the importance of magnetopause reconnection has been the subject of debate.
Here we use Cassini observations at Saturn’s magnetopause to address this open issue. Measured conditions
at the boundary suggest a typical reconnection electric ﬁeld strength of order 0.01mVm1. Although the
strongest reconnection electric ﬁelds correspond to a compressed magnetosphere, compressed conditions
do not guarantee a relatively strong reconnection electric ﬁeld at the magnetopause location sampled by the
spacecraft. By considering northward Interplanetary Magnetic Field (IMF), we predict reconnection voltages
(openmagnetic ﬂux production rates) for the strongest driving of Saturn’s magnetosphere by magnetopause
reconnection. The typical northward IMF reconnection voltage is less than 100 kV for a wide range of
reconnection X line lengths. This suggests that magnetopause reconnection is not a major driver of dynamics
in Saturn’s magnetosphere, except possibly on rare occasions.
1. Introduction
One of the major challenges of magnetospheric science is to understand how energy ﬂows through each
planetary magnetosphere in our Solar System. In the context of Earth’s magnetosphere, magnetic
reconnection at the magnetopause boundary of the magnetosphere allows solar wind energy into the
system, and is the major driver of terrestrial magnetospheric dynamics [Dungey, 1961] (see the reviews by
Vasyliunas [1975], Russell [1976], Fuselier and Lewis [2011], and Paschmann et al. [2011]).
However, the nature and importance of magnetopause reconnection in the context of Saturn’s magnetosphere
has been the subject of debate. Figure 1 illustrates the process of magnetic reconnection at Saturn’s
magnetopause current layer. Reconnection involves plasma inﬂow and outﬂow (and associated magnetic
ﬂux transport) toward and away from a reconnection site. The process changes the structure of the
magnetic ﬁeld and dissipates magnetic energy. Like Earth’s magnetopause, conditions either side of
Saturn’s magnetopause are not symmetric, and the adjacent magnetic ﬁelds are generally not antiparallel.
We expect conditions at Saturn’s magnetopause to be less favorable for magnetic reconnection than those at
Earth’s magnetopause. The weaker Interplanetary Magnetic Field (IMF) should lead to weaker reconnection
electric ﬁelds, the higher plasma β (ratio of plasma to magnetic pressure) may produce a lower reconnection
efﬁciency [e.g., Sonnerup, 1974], and larger ﬂow shears and pressure gradients across the Saturnian
magnetopause are expected to further reduce the reconnection electric ﬁeld, and suppress reconnection
more frequently [Masters et al., 2012; Desroche et al., 2013, and references therein].
Spacecraft observations have conﬁrmed that reconnection takes place at Saturn’s magnetopause [Huddleston
et al., 1997; McAndrews et al., 2008; Lai et al., 2012], transient auroral features have been attributed to this
phenomenon [Radioti et al., 2011, 2013; Badman et al., 2012, 2013], and it is thought that Saturn’s main
auroral emission is associated with the boundary between open and closed magnetic ﬁeld lines
[Cowley et al., 2004; Badman et al., 2006]. However, Saturn’s low-latitude boundary layer, plasma depletion
layer, and magnetopause position do not show a clear, Earth-like, reconnection-related response to the
Interplanetary Magnetic Field (IMF) orientation [Masters et al., 2011, 2014; Lai et al., 2012]. Although the full
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picture remains unclear, reported observations are
currently consistent with our expectations about
magnetopause reconnection at Saturn.
While compression of Saturn’s magnetosphere by
the solar wind is established as an important
trigger of magnetospheric dynamics [Crary et al.,
2005; Bunce et al., 2005], whether magnetopause
reconnection alone can drive magnetospheric
dynamics has been a major open question during
the present era of the Cassini spacecraft’s orbital
tour of Saturn. The magnetosphere is
predominantly driven internally (see the reviews
by Gombosi et al. [2009] and Mitchell et al. [2009]),
but it has been argued that magnetopause
reconnection is also a signiﬁcant driver of outer
magnetospheric dynamics [e.g., Badman and
Cowley, 2007]. In contrast, others have proposed
that the viscous interaction between the solar wind
and the giant magnetospheres of the outer solar
system may be a more important driver than the
interaction via “large-scale” reconnection [e.g.,
Delamere and Bagenal, 2010].
The magnetopause reconnection voltage is crucial for shedding light on this issue. This is the potential
difference between the two ends of a reconnection “X line” (a line on the magnetopause surface where
reconnection occurs), equivalent to the open magnetic ﬂux production rate. Many authors have taken the
reasonable ﬁrst step of estimating this voltage using solar wind observations and a relation developed for the
terrestrial magnetosphere [Jackman et al., 2004, 2005; Badman et al., 2005; Cowley et al., 2005; Grodent et al.,
2005; Bunce et al., 2006; Badman and Cowley, 2007; Jackman and Arridge, 2011]. These estimates suggest that
on the frequent occasions when few-day-long solar wind compression regions of relatively high magnetic
ﬁeld strength encounter Saturn’s magnetosphere, the average voltage is ~100 kV, capable of signiﬁcantly
affecting the outer magnetosphere.
In this paper we use Cassini observations at Saturn’s magnetopause to take the next step in constraining the
reconnection voltage applied to Saturn’s magnetosphere. Our results suggest that magnetopause
reconnection is a less important driver of dynamics in Saturn’s magnetosphere than previously thought.
2. Cassini Observations at Saturn’s Magnetopause
We use the same set of Cassini magnetopause crossings that have formed the basis of previous studies
[e.g., Masters et al., 2011, 2012]. As presented in those studies, these 520 crossings occurred between 28 June
2004 and 23 July 2007, covering the low-latitude dayside magnetopause (between magnetic latitudes of
38.1 and 52.1°, and 03:25 and 17:37 Saturn Local Time, SLT). Due to the highly variable scale of Saturn’s
magnetopause [e.g., Kanani et al., 2010] these crossings occurred over a range of radial distances from
the planet.
An example of magnetic ﬁeld and thermal electron observations made by Cassini during a crossing of
Saturn’s magnetopause is shown in Figure 2 [Dougherty et al., 2004; Young et al., 2004; Lewis et al., 2008]. This
outbound crossing occurred on 1 May 2005, at 19.4 Saturn radii (RS; 1 RS= 60,268 km) from the center of
the planet, a magnetic latitude of 20.8°, and 10:03 SLT. The spacecraft began the interval in Saturn’s
magnetosphere where the magnetic ﬁeld was relatively strong and the thermal electron environment was
relatively hot and tenuous. The spacecraft ended the interval in Saturn’s magnetosheath (the shock-
processed solar wind) where the magnetic ﬁeld was relatively weak and the thermal electron environment
was relatively cold and dense. The change in magnetic ﬁeld orientation that occurred in approximately
the middle of the time series corresponds to the interval during which Cassini was within Saturn’s
magnetopause current layer. An interval of 1 min duration was selected immediately before and after
Figure 1. An illustration of magnetic reconnection at Saturn’s
magnetopause for (rare) perfectly northward interplanetary
magnetic ﬁeld. Interplanetary (solar), planetary, and recon-
nected (open) magnetic ﬁeld lines are shown in blue, red, and
green, respectively.
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the identiﬁed magnetopause current
layer interval. The average magnetic
ﬁeld vector and electron number
density were determined in each 1 min
interval, and taken as conditions
immediately adjacent to the local current
layer. The signature of this crossing is
typical of the Cassini magnetopause
crossings included in this study.
This procedure was repeated for all 520
Cassini magnetopause crossings.
Crossings where the timing of the
magnetopause current layer traversal is
ambiguous (e.g., due to temporal
variability) were excluded. This leaves
262 crossings where we have the
magnetic ﬁeld vector and electron
number density in both the adjacent
magnetosheath and magnetosphere.
Note that the captured conditions in the
magnetosheath are affected by the
presence of a plasma depletion layer,
and those in the magnetosphere are
affected by the presence of a low-latitude boundary layer (e.g., Figure 2) [Masters et al., 2011, 2014].
Conditions on both sides of Saturn’s magnetopause are highly variable, and our statistics capture the level of
this variability.
We did not assess whether the data taken at each crossing provide evidence for reconnection operating
somewhere on the magnetopause (where conditions are unclear) at that time, for example, by attempting to
identify ﬁnite normal magnetic ﬁeld components. We use the extracted near-magnetopause conditions as
the basis for an assessment of reconnection at the low-latitude dayside magnetopause.
3. The Reconnection Electric Field
The measured conditions adjacent to our 262 Cassini magnetopause crossings allow us to predict the
properties of the reconnection process, if reconnection onset were to have occurred locally in each case.
For an asymmetric current sheet (like a planetary magnetopause), theory predicts a reconnection outﬂow
speed of
vout ¼ B1B2ð Þ B1 þ B2ð Þμ0 ρ1B2 þ ρ2B1ð Þ
 1
2=
(1)
and a reconnection electric ﬁeld strength (the component of the convective electric ﬁeld tangential to the
current layer) of
E ¼ B1B2
B1 þ B2
 
2kvout (2)
where B is the component of the magnetic ﬁeld that reconnects, μ0 is the permeability of free space, ρ is the
plasma mass density, k is the reconnection efﬁciency, and subscripts 1 and 2 represent the two adjacent
regimes [Cassak and Shay, 2007].
The extracted near-magnetopause conditions can be used as input to equations (1) and (2), leading to a
predicted reconnection electric ﬁeld strength if reconnection onset were to have taken place at each
crossing. Note that in doing this we are not considering restrictions on reconnection onset imposed by bulk
ﬂow shears and pressure gradients across the boundary [Masters et al., 2012; Desroche et al., 2013, and
references therein]. We use a reconnection efﬁciency k= 0.1, based on decades of spacecraft observations in
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Figure 2. Cassini observations made during a crossing of Saturn’s mag-
netopause on 1 May 2005. (a) Magnetic ﬁeld components in a Cartesian
coordinate system. (b) Thermal electron moments. The dark gray-shaded
interval indicates when the spacecraft was inside the magnetopause
current layer. The light gray-shaded intervals indicate the adjacent 1 min
intervals used to extract near-magnetopause conditions.
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near-Earth space and simulations (see the reviews by Fuselier and Lewis [2011] and Paschmann et al. [2011]).
Also note that we are not considering any possible plasma β dependence of the reconnection efﬁciency [e.g.,
Sonnerup, 1974] due to the present absence of a rigorously tested description of this effect, whichmay lead to
a typically lower efﬁciency at Saturn’s magnetopause.
To calculate plasma mass densities from the extracted thermal electron number densities in the
magnetosheath, we assume a neutral plasma with an ion composition of 96% protons and 4% He++, by
number. In the magnetosphere we assume a charge-neutral plasma with an ion composition of 80% protons,
4% H2
+, and 16% water group ions (W+, mean mass-per-charge of 17.5), by number [Thomsen et al., 2010;
Masters et al., 2012]. The conclusions drawn in this study are not sensitive to varying these percentages within
physically reasonable ranges.
Figure 3 presents our predicted reconnection electric ﬁeld strengths at Saturn’s low-latitude magnetopause.
As expected, the Alfvén speed in the magnetosheath is typically lower than that in the magnetosphere
(Figures 3a and 3b). If we assume that the total magnetic ﬁeld magnitudes were to participate in
reconnection (i.e., assuming antiparallel magnetic ﬁelds), then the typical reconnection electric ﬁeld strength
is 0.03mVm1 (Figure 3c). However, the measured magnetic ﬁelds were rarely close to antiparallel. If we
consider the components of the magnetic ﬁelds that are expected to participate in reconnection (so-called
component reconnection) [Sonnerup, 1974], then the associated Alfvén speed is typically lower in both
regimes, and the typical reconnection electric ﬁeld strength is 0.01mVm1 (Figures 3d–3f). The range of
these predicted electric ﬁeld strengths is consistent with the two reported values based on in situ
observations of reconnection at Saturn’s magnetopause (0.2mVm1 [Huddleston et al., 1997] and
0.08mVm1 [McAndrews et al., 2008]). The dominant parameter controlling the variability in these predicted
electric ﬁeld strengths is the magnetic ﬁeld strength in the magnetosheath (see supporting information).
Figure 3g presents an assessment of the dependence of the reconnection electric ﬁeld strength (assuming
antiparallel magnetic ﬁelds) on magnetopause crossing solar zenith angle (SZA), showing no clear
dependence. Figure 3h considers the dependence onmagnetopause standoff distance (the shortest distance
between the center of the planet and the magnetopause, a proxy for the size of the magnetosphere),
calculated using the crossing position and the Kanani et al. [2010] global model of Saturn’s magnetopause.
Inbound and outbound crossings are separated because this may indicate magnetospheric compression or
expansion during the crossing; however, there is no clear dependence on crossing direction in either case.
A compressed magnetosphere has been associated with solar wind compression regions, in which the IMF is
stronger and thus the reconnection electric ﬁeld is also expected to be stronger [e.g., Jackman et al., 2004].
However, although the strongest reconnection electric ﬁelds do correspond to a relatively compressed
magnetosphere, a compressed magnetosphere does not appear to guarantee a relatively strong
reconnection electric ﬁeld at the location of a magnetopause crossing. This is most likely because the local
magnetosheath magnetic ﬁeld strength (which primarily controls the electric ﬁeld strength) is similarly not
guaranteed to be relatively high when the system is compressed (see supporting information). We suggest
that this is due to magnetosheath variability, particularly the presence of mirror mode structures that can
signiﬁcantly reduce the local magnetic ﬁeld strength [Violante et al., 1995; Masters et al., 2014].
4. The Reconnection Voltage for Northward IMF
Predicting the reconnection voltage applied to Saturn’s magnetosphere for a range of conditions requires a
comprehensive model-based study. However, the Cassini observations presented here allow us to infer the
reconnection voltage for the rare case of northward IMF [Jackman et al., 2008], which is expected to produce
close to antiparallel magnetic ﬁelds across the low-latitude dayside magnetopause (the region of the
boundary where our magnetopause crossings were made) and produce the strongest driving of the
magnetosphere by magnetopause reconnection.
Consider a reconnection X line across Saturn’s low-latitude dayside magnetopause with a speciﬁed length,
and assume antiparallel magnetic ﬁelds everywhere along it. To infer a northward IMF reconnection voltage,
we now need a proﬁle of the reconnection electric ﬁeld strength along the X line. Since our results reveal no
clear dependence of the reconnection electric ﬁeld strength on SZA (see Figure 3g) we assume a uniform
electric ﬁeld strength along the X line, and do not consider localized magnetosheath magnetic ﬁeld
Geophysical Research Letters 10.1002/2014GL059288
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ﬂuctuations (see section 3). For different choices of X line length we can use the predicted reconnection
electric ﬁeld strengths (presented in Figure 3c, appropriate for this case of antiparallel magnetic ﬁelds) to give
distributions of predicted northward IMF reconnection voltages.
A histogram of predicted northward IMF reconnection voltages is presented in Figure 4, considering
assumed X line lengths of 5, 10, 20, and 40 RS. Note that a 40 RS-long X line will approximately span the entire
low-latitude dayside magnetopause under compressed conditions (where the strongest reconnection
electric ﬁeld strengths are predicted) [Kanani et al., 2010]. Tick labels on the x axis in Figure 4 that are shown in
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Figure 3. Conditions at Saturn’s magnetopause: Implications for the reconnection electric ﬁeld. (a) Histogram of magne-
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red are all greater than 180 kV—the
voltage typically associated with
plasma ﬂow in Saturn’s outer
magnetosphere that is (qualitatively)
co-rotating with the planet [e.g.,
Badman and Cowley, 2007]. The
median reconnection voltage is below
100 kV, regardless of the length of the
X line. Even in the ideal case of an X line
spanning the entire dayside
magnetopause, there is only a ~22%
likelihood of a reconnection voltage
greater than 180 kV.
We remind the reader that we are
ignoring a number of effects that are
expected to make conditions less
favorable for magnetopause
reconnection (see section 3), and are
considering an ideal northward IMF
orientation. Considering these effects and more common IMF orientations would both act to lower the
reconnection voltage.
5. Summary
In this paper we have used Cassini spacecraft observations at Saturn’s magnetopause to assess the ability of
magnetopause reconnection to drive the magnetospheric system. We have found that a compressed
magnetosphere does not appear to guarantee a relatively strong reconnection electric ﬁeld at the
magnetopause location sampled by the spacecraft, and that predicted reconnection voltages imply that
magnetopause reconnection is not a major driver of dynamics in Saturn’s magnetosphere, except possibly on
rare occasions. In future, global modeling of Saturn’s magnetosphere may allow us to further constrain the
reconnection voltage, for a wide range of solar wind conditions.
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